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Abstract. Resazurin (Raz) and its reaction product resorufin
(Rru) have increasingly been used as reactive tracers to quan-
tify metabolic activity and hyporheic exchange in streams.
Previous work has indicated that these compounds undergo
sorption in stream sediments. We present laboratory exper-
iments on Raz and Rru transport, sorption, and transforma-
tion, consisting of 4 column and 72 batch tests using 2 sed-
iments with different physicochemical properties under neu-
tral (pH= 7) and alkaline (pH= 9) conditions. The study
aimed at identifying the key processes of reactive trans-
port of Raz and Rru in streambed sediments and the ex-
perimental setup best suited for their determination. Data
from column experiments were simulated by a travel-time-
based model accounting for physical transport, equilibrium
and kinetic sorption, and three first-order reactions. We de-
rived the travel-time distributions directly from the break-
through curve (BTC) of the conservative tracer, fluores-
cein, rather than from fitting an advective-dispersive trans-
port model, and inferred from those distributions the trans-
fer functions of Raz and Rru, which provided conclusive ap-
proximations of the measured BTCs. The most likely reac-
tive transport parameters and their uncertainty were deter-
mined by a Markov chain–Monte Carlo approach. Sorption
isotherms of both compounds were obtained from batch ex-
periments. We found that kinetic sorption dominates sorption
of both Raz and Rru, with characteristic timescales of sorp-
tion in the order of 12 to 298min. Linear sorption models for
both Raz and Rru appeared adequate for concentrations that

are typically applied in field tracer tests. The proposed two-
site sorption model helps to interpret transient tracer tests us-
ing the Raz–Rru system.

1 Introduction

Resazurin (Raz) undergoes irreversible reduction to resorufin
(Rru) in the presence of cellular metabolic activity. Lab ex-
periments (Haggerty et al., 2008; Stanaway et al., 2012) and
field tracer tests (Haggerty et al., 2009; González-Pinzón et
al., 2012) have shown that the transformation of Raz to Rru
is exceptionally favored in the presence of hyporheic sed-
iments; that is, reaction rates in the presence of colonized
sediments are typically 3 orders of magnitude larger than
in the water column, and strongly correlated to respiration
(Haggerty et al., 2008; González-Pinzón et al., 2012). This
reaction can be used to estimate metabolic activity in hydro-
logic systems (Haggerty et al., 2009; Argerich et al., 2011;
González-Pinzón et al., 2014). It has also been used to sep-
arate effects of in-stream mixing processes from exchange
processes with comparably immobile, metabolically active
zones adjacent to streams in the interpretation of stream
tracer tests (Lemke et al., 2013a; Liao et al., 2013).
In field and column experiments, the breakthrough curves

(BTCs) of Raz and Rru may exhibit tailing and may be re-
tarded compared to the BTCs of conservative tracers. Ad-
ditionally, these experiments have been characterized by an
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incomplete mass balance between the amount of Raz injected
and that of Raz and Rru recovered. The latter observation
suggests that Raz and Rru are affected by irreversible sorp-
tion and/or transformation to undetected metabolites, pre-
venting complete mass recovery within typical experimen-
tal timescales. It is widely known that sorption affects the
fate and transport of organic compounds by mass retention
on various timescales (Miller and Weber, 1988; Weber et al.,
1991; Piwoni and Keeley, 1990), so that sorption processes
need to be considered in transient mass transport studies.
To date, little work has been done to characterize the sorp-

tion of Raz and Rru. Haggerty et al. (2008) fitted linear and
non-linear (Freundlich) isotherms to batch experiments on
equilibrium sorption of Rru in stream sediments containing
∼ 2% organic carbon for concentrations of up to 100 µgL−1.
The distribution coefficient of the tracers between the solid
and aqueous phases in equilibrium, denoted Kd, derived by
the linear sorption isotherm was estimated as 6.63 L kg−1,
which corresponds to a retardation factor of up to 60 in sed-
iments. This value most likely overestimates the sorption
capacity and is presumably attributed to using a disturbed
sample and disregarding the transformation of Rru to non-
detected metabolites in the batch sample. Quantifying the
sorption of Raz onto natural, metabolically active sediments
is difficult with conventional batch experiments due to the
rapid reaction of Raz to Rru, so that no such studies have
been conducted so far.
In previous studies, sorption of Raz and Rru has been mod-

eled inconsistently. Several studies assumed linear equilib-
rium sorption (Haggerty et al., 2008; Stanaway et al., 2012;
Lemke et al., 2013a), whereas Liao et al. (2013) applied
a more sophisticated model, considering both equilibrium
and kinetic linear sorption. Moreover, some studies assumed
identical equilibrium sorption properties of both Raz and Rru
(Haggerty et al., 2008, 2009; Stanaway et al., 2012), whereas
others allowed the sorption parameters of these two com-
pounds to differ (Lemke et al., 2013a; Liao et al., 2013). The
choices of how sorption processes were implemented in the
studies cited above were predominantly guided by simpli-
fying assumptions (i.e., that the similar molecular structure
of Raz and Rru should lead to approximately identical sorp-
tion properties) or the desire to keep the computational effort
of the model low. Differing model assumptions add uncer-
tainty to a comparison of the previous results, and the pre-
vious models used may be oversimplified regarding sorption
processes.
In this paper, we present the results of 72 laboratory batch

and 4 column experiments on sorption of Raz and Rru. We
have chosen two different sediments with different physic-
ochemical properties and conducted all experiments at two
different pH values (pH 7 and pH 9) to cover a range of
natural conditions under which tracer tests using Raz, Rru,
and the conservative tracer fluorescein are considered feasi-
ble. By this we aim at identifying (1) the relative importance
of kinetic and equilibrium processes for the sorption of Raz

and Rru in streambed sediments, (2) the level of model com-
plexity required to adequately reproduce the measured BTCs
during field tracer tests, and (3) the experimental setup best
suited for determination of the sorption and reaction param-
eters of Raz and Rru.
Although laboratory experiments may provide important

insight into the relevance of different sorption processes, they
often fail to reproduce realistic field conditions. Therefore,
the determination of single parameter values and their pos-
sible interrelations with specific physicochemical conditions
or sediment properties is not the primary focus of this study.
We rather tried to elucidate the relative importance of the
different processes (e.g., kinetic or equilibrium sorption, lin-
ear or non-linear isotherms, decay of Raz to Rru or non-
fluorescent compounds) that potentially control transport of
Raz and Rru in streambed sediments. Due to the expected
high intra- as well as inter-stream variability of the transport
properties of the reactive tracers, a comprehensive evaluation
of sorption parameters and their controlling environmental
properties was beyond the scope of this study. Instead, we
suggest an experimental framework that might be applied to
other sites.

2 Materials and methods

2.1 River sediments

Sediments were taken from the third-order stream River
Goldersbach (48◦33.298′ N, 9◦4.002′ E) and the fourth-order
stream River Steinlach (48◦28.585′ N, 9◦3.818′ E), which are
located close to Tübingen in the southwestern part of Ger-
many. River Goldersbach has a mean annual discharge of
0.3m3 s−1. Its catchment and the river sediments are domi-
nated by sand- and marlstones of the Upper Triassic. River
Steinlach has a mean annual discharge of 1.7m3 s−1. Its
riverbed is mainly composed of limestone originating from
the nearby Jurassic Swabian Alb mountains.
The sediments used in the experiments were sieved in the

field to grain sizes between 0.08 and 4mm. Each sediment
sample was washed to remove residues of finer particle sizes
that increase the turbidity of the tracer solution and thus have
a negative influence on the accuracy of the tracer measure-
ments (Lemke et al., 2013b). Minimizing turbidity is criti-
cal to assure the required high-quality fluorescence measure-
ments and to assure the necessary comparability of the dif-
ferent experiments. However, discarding the finest sediment
fraction might introduce a bias to the derived reaction and
sorption parameters as compared to those prevailing in the
field, which has to be accounted for in the interpretation of
the experiments. The time between the collection of the sed-
iment and the start of the column experiments was less than
5 h in every case.
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The organic carbon content of the sediments was deter-
mined by standard titration methods using an Elementar
vario EL device. The intragranular porosity and the specific
surface area of the samples were determined by nitrogen ad-
sorption using a Micrometrics ASAP 2000 device. The in-
tragranular porosity was determined at a relative pressure of
p/p0 = 0.99, which corresponds to a pore-diameter equiva-
lent of < 200 nm. These analyses were performed to relate
physicochemical properties of the sediments to the sorption
behavior of Raz and Rru. The characteristics of the sediments
are displayed in Table 1.

2.2 Setup of batch experiments

Batch experiments were conducted to obtain sorption
isotherms of Raz and Rru. The sediments were dried prior
to the experiments to allow for a defined solid-to-liquid ratio
in the batch reactors. We used 50mL glass bottles filled with
30mL water and 35 g sediment. Since Raz would quickly
react to Rru in the samples under natural conditions, the
samples were sterilized by γ -radiation using a specific en-
ergy dose of 10 kGy in order to inhibit the reaction from
Raz to Rru. The dose of 10 kGy has been reported to be a
good compromise between altering effects of the physical
sediment properties and the sterilization efficiency (Östlund
et al., 1989; Herbert et al., 2005). For each sediment, we
prepared samples with Raz concentrations of 0, 1, 10, 50,
100 and 500 µgL−1 and Rru concentrations of 0, 1, 10, 30,
70, and 100 µgL−1, both at pH 7 and pH 9 (adjusted with
20mM TAPS and 20mM MOPS buffer, respectively). All
samples were prepared in triplicates. After preparation, all
samples were shaken for approximately 40 h at a constant
temperature of 20 ◦C. Subsequently, parts of the supernatant
of each sample were filtered (0.45 µm glass fiber filter) and
the tracer concentrations were measured by a spectrofluo-
rometer (HORIBA Fluoro-Max-4). The concentration si of
the sorbed tracer per mass of solids was calculated by the dif-
ference between the initial tracer concentration and the tracer
concentration in the aqueous phase after exposure to the sed-
iments over 40 h, normalized by the ratio of solid mass to
liquid volume in the samples. The dependence of the sorbed
to the dissolved tracer mass was fitted by the standard linear
and Freundlich sorption models (Grathwohl, 1998).

2.3 Setup of column experiments

All experiments were conducted at a constant temperature
of 20 ◦C to avoid corrections of tracer signals due to tem-
perature fluctuations. All devices and solutions used in the
tests were stored in the same room until they reached equilib-
rium with the room temperature. Except for joints and con-
nections, all tubings were made of stainless steel to avoid
sorption of the tracers onto the wall of the tubes.
We used 30 cm long glass columns with an inner radius

of 2.5 cm (total volume of 590 cm3). The columns were

Table 1. Characteristics of the sediments used in the experiments.

Steinlach Goldersbach

Grain sizes 0.08–4mm 0.08–4mm
Grain density 2.60 kg L−1 2.58 kg L−1

Organic carbon content∗ 0.73% 0.13%
CaCO3 content∗ 66.0% 8.9%
Specific surface area 9.92m2 g−1 18.45m2 g−1

Intragranular porosity 0.04 0.06

∗ Contents are stated as percent by weight.

manually filled with sediment under water to avoid gas en-
trapment in the pore space. The sediment itself was un-
treated, i.e. not sterilized and collected analogously to the
sediment for the batch experiments described above. We es-
timated the effective porosity by fitting the measured fluores-
cein BTC of each column experiment to the one-dimensional
analytical solution of the advection–dispersion equation. In
this framework, the porosity is estimated as the specific dis-
charge (“Darcy velocity”), divided by the effective velocity
of the tracer. The results indicate that the mean porosity of
all columns was 0.45 with only small deviations between
the different experiments (σ = 0.07, n = 4). Both connection
threads of the column were filled with glass wool to prevent
particles from entering the fluorometers. A ∼ 1mm thick,
highly porous glass disc and a layer of ∼ 2 cm of pure quartz
sand was placed at each end of the column to enforce par-
allel flow and advective tracer transport through the column
(Fig. 1). The filled columns were shielded from light using
aluminum foil to avoid photodegradation of the fluorescent
tracers. Prior to every experiment, the columns were flushed
with a solution of modified tap water at the respective pH (see
below), until the pH at the outlet of the column was identical
to the pH of the injected solution.
Fluorescein and Raz were mixed in a ratio of about 1 : 10

in approximately 10 L of water and poured into a glass con-
tainer. This container was placed above the column so that
a constant small overpressure was generated within the tub-
ing system, which prevented air from invading the system.
A peristaltic pump was placed at the outlet of the column
to maintain a constant volumetric flow rate of 24mLmin−1,
which was monitored throughout all experiments. Once the
concentrations of all three tracers reached a maximum and
remained constant at the outlet of the column, the injection
solution was switched to water (at the same pH as the respec-
tive tracer solution).
The tracer solution in the reservoir container was prepared

with tap water and adjusted to the respective pH using MOPS
sodium salt (for pH 7) and TAPS sodium salt (for pH 9)
buffers. Both buffers are frequently used in biochemical ap-
plications (Cartwright et al., 2000; Ettwig et al., 2010), and
we did not expect any effects on the sorption or transforma-
tions of Raz and Rru by these buffers, except for the pure pH
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Fig. 1. Schematic of the column experiments used to investigate the sorption of Raz and Rru.

23

Figure 1. Schematic of the column experiments used to investigate
the sorption of Raz and Rru.

effects. Nonetheless, their concentrations were kept as low
as 20mM in all solutions to minimize possible effects by the
resulting increase of the ionic strength. Just like the columns,
the reservoir container was wrapped in aluminum foil to pre-
vent photodegradation of the tracers.
We placed portable field fluorometers of the type GGUN-

FL30 at the inlet and outlet of the column to measure the
concentrations of Raz, Rru, and fluorescein (Lemke et al.,
2013b) so that they acted as flow-through cells with a vol-
ume of 16mL each. Both fluorometers were calibrated prior
to each column experiment to achieve the highest possible
accuracy of the instruments. The instrumental sampling in-
terval was ≤ 40 s, which is significantly higher than in other
laboratory studies using Raz and Rru (10–28min, Stanaway
et al., 2012; 15–130min, Haggerty et al., 2008). The high
temporal resolution of the concentration measurements al-
lowed a detailed analysis of the rising and falling limb of
the BTCs, which contain key information regarding sorption
processes. Each experiment lasted about 4–5 h (depending on
the time until steady-state conditions had been reached).

2.4 Mathematical model for reactive transport

The sorption parameters of Raz and Rru were determined by
fitting a travel-time-based analytical model to the measured
BTCs of the tracers in the column experiments. The model
considers the formation of Rru as a daughter compound of
Raz, decay of Raz and Rru to undetected compounds and
mass retention of Raz and Rru due to equilibrium and kinetic
sorption processes (Liao et al., 2013).
For the ease of description, we assume in the next para-

graphs that the aqueous-phase physical transport of fluores-
cein, Raz, and Rru within the column may be described by
the widely used advection–dispersion equation, amended by
reaction and sorption terms for Raz and Rru:
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(
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, i = 1, 2,

(1)

subject to the following boundary and initial conditions:

c0(x = 0, t) = cin,0(t)

c1(x = 0, t) = cin,1(t)

c2(x = 0, t) = 0
ci(x, t = 0) = 0 i = 0, 1, 2
ci,kin(x, t = 0) = 0 i = 1, 2,

(2)

in which t [T] is time, and ci [ML−3] is the molar aqueous-
phase concentration of compound i, with i = 0 denoting flu-
orescein, i = 1 Raz, and i = 2 Rru. v [L T−1] and D [L2 T−1]
are the effective velocity and the dispersion coefficient, re-
spectively. cin,0 [ML−3] and cin,1 [ML−3] are the concen-
trations of fluorescein and Raz in the inflow, respectively,
whereas the inflow concentration of Rru is considered zero.
K

eq
i = K

eq
d,i ρb/θ [–] andKkin

i = Kkin
d,i ρb/θ [–] are the dimen-

sionless distribution coefficient for the equilibrium sorption
and kinetic sorption sites, respectively, whereas K

eq
d,i and

Kkin
d,i [M−1 L3] are the corresponding dimensional distribu-

tions coefficients. ρb [ML−3] is the bulk density of the dry
soil, θ [–] denotes effective porosity, ki [T−1] is the mass-
transfer rate coefficient of kinetic sorption, λ1 [T−1] is the
rate coefficient of Raz transformation to undetected products,
λ12 [T−1] is the transformation rate coefficient of Raz to Rru
and λ2 [T−1] is the rate coefficient of Rru transformation to
undetected products. ci,kin [ML−3] is the concentration of
the sorbed tracer compound i expressed as the correspond-
ing equilibrium aqueous concentration
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ci,kin =
si,kin

Kkin
d,i

, (3)

in which si,kin [MM−1] is the mass-related concentration of
the kinetically sorbed compound i.
We chose to express the effect of the equilibrium sorption

by K
eq
i rather than a retardation factor Ri or the dimensional

distribution coefficient K
eq
d,i to make a direct comparison to

Kkin
i possible. If desired, the values of K

eq
i can easily be

transferred to likewise dimensionless retardation factors by
Ri = K

eq
i + 1.

It is known that the advection–dispersion equation shows
deficiencies in exactly reproducing conservative transport,
even in homogeneous porous media, whereas transport equa-
tions that show similarities to the advection–dispersion equa-
tion with a kinetic sorption term lead to better agreements
with observed BTCs (Cortis et al., 2004). In this context,
fitting the measured BTCs to Eqs. (1)–(2) may lead to bi-
ased results, because the fraction of tailing in the BTCs of
Raz and Rru that belongs to non-Fickian conservative trans-
port is misinterpreted as kinetic sorption. We therefore use
a formulation of linear reactive transport that relies on the
probability density function g0(τ ) [T−1] of travel times τ

[T] rather than the advection–dispersion equation. Transport
of all compounds can be expressed by convolution of the
concentration in the inflow with a transfer function, because
the governing transport processes are linear with respect to
tracer concentrations. The transfer functions of Raz and Rru
can be derived from the probability density function g0(τ )

of travel times and the sorption/transformation parameters
listed above. For the derivation of the equations in a travel-
time framework, we closely follow the concept and the nota-
tion presented by Liao et al. (2013).
Because under the given pH conditions fluorescein is con-

sidered to behave conservatively (Smith and Pretorius, 2002;
Kasnavia et al., 1999), the BTC cout,Flu [ML−3] of fluores-
cein in the outflow is related to the travel-time distribution
through the column g0(τ ) [T−1] and the fluorescein concen-
tration cin,Flu [ML−3] by the following convolution integral:

cout,Flu(t) =

∞∫
0

g0(τ )cin,Flu(t − τ)dτ, (4)

in which t [T] is the time since the start of the injection and
τ [T] is the residence time in the column. g0(τ ) is also the
transfer function of fluorescein and is estimated in the present
study by non-parametric deconvolution (Cirpka et al., 2007).
The transport of Raz and Rru through the column is modi-

fied by equilibrium and kinetic sorption as well as decay pro-
cesses. Rru was not injected into the column but may occur
in the injected solution due to the impurity of the supplied
Raz stock. To calculate the concentrations of Raz and Rru
at the outlet of the column, we can convolute the respective

input signal of Raz cin,1 [ML−3] with the transfer functions
g1(τ ) [T−1], expressing the response of Raz in the outlet due
to a unit pulse of Raz in the inlet, g12(τ ) [T−1], expressing
the response of Rru in the outlet due to a unit pulse of Raz in
the inlet, and g2(τ ) [T−1], expressing the response of Rru in
the outlet due to a unit pulse of Rru in the inlet, by

cout,1(t) =

∞∫
0

g1(τ )cin,1(t − τ)dτ

cout,2(t)=

∞∫
0

(
g12(τ )cin,1(t−τ)+g2(τ )cin,2(t−τ)

)
dτ.

(5)

As discussed in the following, we solve transport in the
travel-time domain rather than the spatial domain. This has
the advantage that the validity of the estimated sorption and
transformation parameters does not require that conserva-
tive transport exactly meet the advection–dispersion equa-
tion. The outlet simply samples a conservative travel-time
distribution, expressed by g0(τ ), which implies that the trans-
fer functions g1(τ ), g12(τ ), and g2(τ ) of Raz and Rru at the
outlet are weighted averages (or Fredholm integrals) of the
transfer functions for all travel times τ∗ sampled by the outlet

g1(τ ) =

∞∫
0

g0 (τ∗)c1 (τ, τ∗)dτ∗

g12(τ ) =

∞∫
0

g0 (τ∗)c12 (τ, τ∗)dτ∗

g2(τ ) =

∞∫
0

g0 (τ∗)c22 (τ, τ∗)dτ∗,

(6)

in which ci(τ, τ∗) [T−1] is the concentration response of Raz
and Rru to a pulse of Raz at travel time τ∗ and time τ since
the pulse release. The governing equations for ci(τ, τ∗) read
as(
K

eq
1 + 1

) ∂c1

∂τ
+ Kkin

1
∂c1,kin

∂τ
+

∂c1

∂τ∗

= −(λ1 + λ12)c1(
K

eq
2 + 1

) ∂c2

∂τ
+ Kkin

2
∂c2,kin

∂τ
+

∂c2

∂τ∗

= λ12c1 − λ2c2

(7)

and

∂ci,kin

∂τ
= ki

(
ci − ci,kin

)
(8)

subject to

c1 (τ, τ∗ = 0) = b1δ(τ )

c2 (τ, τ∗ = 0) = b2δ(τ )

ci (τ = 0, τ∗ > 0) = 0∀i,

(9)
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in which δ(·) is the Dirac delta function with inverse units
of the argument. The dimensionless coefficients b1 and b2
can either be zero or one and represent how much mass of
the parent and daughter compounds are introduced into the
columns at time τ = 0. c1(τ, τ∗) [T−1] is the concentration
of Raz caused by injection of Raz into the system for b1 = 1
in Eq. (9), c12(τ, τ∗) [T−1] is the concentration of Rru caused
by transformation from Raz at conservative travel time τ∗

time τ stemming from the input of cin,1, that is for b1 = 1
and b2 = 0 in Eq. 9, and c22(τ, τ∗) [T−1] is the concentration
of Rru caused by injection of the same compound into the
column, stemming from the input of cin,2 (that is, for b1 = 0
and b2 = 1) in Eq. (9). Note that in Eqs. (6)–(9) ci and ci,kin
have units of inverse times, because they are not actual con-
centrations, different from Eqs. (1)–(3), in which convolution
with input signals is not performed.
Equations (7)–(9) can conveniently be solved in the

Laplace domain:

c̃1 (s, τ∗) = exp(−β1τ∗)

c̃2 (s, τ∗) = d2 exp(−β2τ∗) + d12 exp(−β1τ∗) , (10)

in which the c̃ denotes the Laplace transform with respect to
τ , s is the Laplace variable, and the coefficients are defined
as (Liao et al., 2013)

β1 =
(
1+ K

eq
1

)
s + λ1 + λ12 + Kkin

1 s
k1

s + k1

β2 =
(
1+ K

eq
2

)
s + λ2 + Kkin

2 s
k2

s + k2

d2 =
λ12

β1 − β2

d12 = −
λ12

β1 − β2
.

(11)

Equation (11) is back-transformed into the time domain by
the numerical method of De Hoog et al. (1982).

2.5 Parameter inference and uncertainty estimation

A Bayesian approach was adopted in this study to quan-
tify model parameters and their uncertainty. The methods are
identical to our previous work (Lemke et al., 2013a; Wöh-
ling et al., 2012) and therefore we subsequently include only
a brief summary of the approach.
Let us consider the transport model f that simulates the

Raz and Rru concentrations summarized as system response
Y = {y1, . . . , yn} with length n using a vector of m = 9
model parameters, u = {u1, . . . , um}: Y = f (u). Further, we
consider that Ỹ denotes a vector with the observed concen-
tration data. We then combine the data likelihood, p(u|Ỹ)

with a prior distribution p(u) by the Bayes’ theorem to infer
the posterior probability density function (pdf ) of the model
parameter vector u:

p
(
u|Ỹ

)
∝ p

(
Ỹ|u

)
p(u). (12)

We assume measurement errors, σRaz = 2.23 µmolm−3

and σRru = 0.12 µmolm−3 for Raz and Rru concentrations,
respectively, which accounts for the higher uncertainty in the
measurements of Raz due to its lower quantum yield. We
further assume the error residuals to be uncorrelated and nor-
mally distributed with constant variance, and replace the data
likelihood function p(u|Ỹ) by an aggregated likelihood func-
tion, `(u|Ỹ), for the joint fitting of the Raz and Rru break-
through curves:

`
(
u|Ỹ

)
= −

nRaz

2
ln(2π) −

nRaz

2
ln

(
σ 2
Raz

)
−
1
2

nRaz∑
j=1

(
yRaz,j (u) − ỹRaz,j

)2
σ 2
Raz

(13)

−
nRru

2
ln(2π)−

nRru

2
ln

(
σ 2
Rru

)
(14)

−
1
2

nRru∑
j=1

(
yRru,j (u) − ỹRru,j

)2
σ 2
Rru

, (15)

where yRaz,j (u) and yRru,j (u) are the model-predicted values
for Raz and Rru, respectively, and ỹRaz,j (j = 1, . . . , nRaz)
and ỹRru,j (j = 1, . . . , nRru) are the corresponding ob-
servations. The parameter vector utilized in Eq. (12) is
u = {K

eq
i , Kkin

i , ki, λ1, λ12, λ2}.
The prior distribution, p(u) was assumed to be uniform

with the following parameter ranges: R1, R2 = [1 . . . 3];
Kkin
1 , Kkin

2 = [0 . . . 3]; k1, k2 = [1× 10−6 . . . 1× 10−2]; and
λ1, λ12, λ2 = [1× 10−7 . . . 1× 10−2

]. The choice of these
ranges was guided by the preliminary data analysis and pre-
viously published values (Haggerty et al., 2008; Liao et al.,
2013).
To generate samples from the posterior distribution,

we use the differential evolution adaptive metropolis
(DREAMZS) adaptive Markov chain–Monte Carlo (MCMC)
scheme. The convergence of the DREAMZS runs was mon-
itored by the R̂ statistic of Gelman and Rubin (1992). In
our calculations, we used n = 10 Markov chains and selected
the last 10 000 accepted samples (after convergence was ob-
served in all chains) for the calculation of the posterior pa-
rameter pdf s. All other algorithmic parameters are set to their
recommended values. For more details on the parameter in-
ference scheme, please refer to ter Braak and Vrugt (2008),
Wöhling and Vrugt (2011), Schoups and Vrugt (2010), and
Wöhling et al. (2012).

3 Results and discussion

3.1 Batch experiments

The batch experiments were conducted in order to obtain
equilibrium sorption isotherms for Raz and Rru. Figure 2
shows the mass-related concentrations of the sorbed tracers
as function of the aqueous-phase concentration after equili-
bration. The complete data set of all replicates is available in
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Figure 2. Linear sorption isotherms of Raz and Rru for the different pH values and sediment types. Outliers of replicate measurements are
not shown for clarity. The complete data sets are available in the Supplement. Values of Kbatch

di
in L kg−1.

the Supplement. The dashed lines represent linear sorption
isotherms, which are in good agreement with the observed
data (mean RMSE value of 5.68× 10−3 µgmL−1). Applying
a Freundlich isotherm did not result in significantly better
overall fits (mean RMSE= 3.03× 10−3 µgmL−1, curves not
shown), so that we assume that linear sorption (as described
by the single parameter Kbatch

di
[L3M−1]) is adequate for the

interpretation of field tracer tests for concentrations of up to
500 µgL−1 of Raz and 100 µgL−1 Rru. We did not measure
the concentrations of Raz and Rru over time in the batch
experiments, because any information about kinetic sorption
processes would be incomparable to the column tests due to
the different solid-to-water ratios and the continuous shaking
of the batch samples. Thus, the values ofKbatch

di
represent the

distribution of the tracers between the liquid phase and the
sum of all sorption sites.
The Kbatch

di
values for Raz and Rru are almost identical

at pH 9 (Steinlach: 0.63 and 0.66 L kg−1, respectively, and
Goldersbach: 1.00 and 0.97 L kg−1, respectively) for the in-
dividual sediments. At pH 7, the Kbatch

di
values are generally

higher compared to those at pH 9, and sorption of Raz ap-
pears to be stronger than the sorption of Rru. This is con-
sistent with the pKa values of Raz (6.7) and Rru (5.7): at
pH 7, about one-third of the Raz molecules are in the acidic
form, whereas more than 95% of the Rru molecules remain
as anions.
The values obtained for Kbatch

di
would result in retarda-

tion factors of up to 20 within sediments, which is much
higher compared to retardation factors of Raz and Rru re-
ported in other studies (Lemke et al., 2013b; Liao et al.,

2013). A possible reason for this discrepancy may be that
batch experiments tend to overestimate sorption (Grolimund
et al., 1995). It is known that the conditions in batch reac-
tors usually differ from those in the field – i.e., due to higher
water-to-solid ratios or to discarding the smallest and largest
grain sizes. An alternative (and probably more evident) rea-
son for our findings lies in the way the Kbatch

di
values were

obtained. The calculation of the Kbatch
di

values is based on
the premise that the removal of tracer substances from the
aqueous phase in the samples is solely caused by sorption.
However, both Raz and Rru may undergo chemical transfor-
mation processes, which also results in an effective removal
of the tracers. These processes are not accounted for in the
standard linear sorption model as applied in the analysis of
the batch experiments, because it is impossible to distinguish
between decay and sorption as reasons for tracer removal
from the aqueous phase. Therefore, the resulting Kbatch

di
val-

ues describe the maximum partition of the tracers between
the solids and the liquid (i.e., these values are only valid when
no decay of Raz and Rru occurs during the sorption experi-
ment) (Haggerty et al., 2008).
We found that a certain amount of Rru was formed in the

batch samples that had a pH of 7 (on average 6% of the ini-
tial molar Raz concentration), although the combination of
the exposure of high temperatures (60 ◦C while drying the
sediments for several days) and γ -radiation should have de-
stroyed all living cells and also possible remains of enzy-
matic structures. We thus cannot guarantee that the sediments
were entirely sterile, so that possibly a small number of living
bacteria had enough time to transform a detectable amount
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of R a z u n d er t h e a d v a nt a g e o us n e utr al p H c o n diti o ns i n t h e
b at c h r e a ct ors. H o w e v er, t h e f a ct t h at d e c a y pr o c ess es o c-
c urr e d i n t h e n e ar-st eril e s e di m e nts s h o ws t h at t h e y m a y n ot
b e tri g g er e d o nl y b y mi cr o bi al a cti vit y.

U nf ort u n at el y, w e f o u n d t h at t h e l o n g e x p os ur e t o t h e s e d-
i m e nts alt er e d t h e p H i n t h e s a m pl es d u e t o t h e b uff er c a-
p a cit y of t h e c ar b o n at e b al a n c e. T h e p H of t h e p H 7 s a m pl es
i n cr e as e d t o 7. 4 a n d t h e p H of t h e p H 9 s a m pl es d e cr e as e d
t o 8. 2 aft er t h e e x p os ur e t o t h e s e di m e nts. H o w e v er, t h e dif-
f er e n c e i n p H b et w e e n t h e s a m pl es is still bi g e n o u g h, s o t h at
t h e c o n cl usi o ns dr a w n fr o m t h e b at c h e x p eri m e nts wit h r e-
s p e ct t o t h e p H r e m ai n u n aff e ct e d.

3. 2  C ol u m n e x p e ri m e nts

Fi g ur e 3 s h o ws t h e tr a nsf er f u n cti o ns of fl u or es c ei n, R a z,
a n d Rr u d eri v e d fr o m E qs. ( 4) t o ( 6) f or t h e c ol u m n wit h
t h e G ol d ers b a c h s e di m e nt at p H 7. T h e c orr es p o n di n g p a-
r a m et ers w er e o bt ai n e d b y fitti n g t h e o bs er v e d B T Cs. Si mi-
l ar tr a nsf er f u n cti o ns w er e o bt ai n e d f or t h e ot h er c ol u m n e x-
p eri m e nts. I n all c as es, t h e tr a nsf er f u n cti o n of t h e c o ns er-
v ati v e tr a c er fl u or es c ei n r e pr es e nts t h e tr a v el-ti m e distri b u-
ti o n of w at er, b e c a us e fl u or es c ei n is k n o w n t o b e h a v e li k e a n
i d e al tr a c er at t h e gi v e n p H. T h e m e a n r esi d e n c e ti m e of w a-
t er i n t h e c ol u m n ( m e a n of t h e distri b uti o n) r a n g es fr o m 9 t o
1 2 mi n. T h e tr a nsf er f u n cti o ns of R a z a n d Rr u ar e d el a y e d
a g ai nst fl u or es c ei n d u e t o s or pti o n, w hi c h als o pr o d u c es a
pr o n o u n c e d t aili n g i n t h e tr a nsf er f u n cti o ns of t h e r e a cti v e
tr a c ers. W hil e t h e tr a v el-ti m e distri b uti o n of fl u or es c ei n r e-
s e m bl es a l o g n or m al distri b uti o n, a cl os er a n al ysis r e v e als
s o m e n o n- Fi c ki a n t aili n g, w hi c h c o ul d n ot b e d et e ct e d b y fit-
ti n g a n a d v e cti v e- dis p ersi v e tr a ns p ort m o d el t o t h e d at a b ut is
r e v e al e d b y n o n- p ar a m etri c d e c o n v ol uti o n of t h e fl u or es c ei n
i n- a n d o ut p ut si g n als ( Cir p k a et al., 2 0 0 7).

Fi g ur e 4 s h o ws t h e o bs er v e d B T Cs a n d t h e m o d el fits
o bt ai n e d b y t h e m ost li k el y p ar a m et ers f or all tr a c ers i n
t h e f o ur c ol u m n e x p eri m e nts. T h e m e as ur e d d at a ar e pl ot-
t e d as m ar k ers, b ut t h e t e m p or al r es ol uti o n w as s o hi g h
t h at t h e y a p p e ar as c o nti n u o us li n es. N ot e t h at o nl y fl u o-
r es c ei n a n d R a z w er e i nj e ct e d, w h er e as t h e m e as ur e d Rr u
ori gi n at es s ol el y fr o m t h e R a z-t o- Rr u r e a cti o n. T h e m o d el e d
c ur v es fit t h e m e as ur e d d at a v er y w ell i n all c as es ( R M S E b e-
t w e e n 3. 8 × 1 0 − 4 a n d 6. 7 × 1 0 − 3 µ m ol L − 1 ). O n e e x c e pti o n
is t h e fit f or R a z f or t h e St ei nl a c h s e di m e nt at p H 7 ( R M S E
1. 0 × 1 0 − 2 µ m ol L − 1
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2 5

) w h er e w e o bs er v e d s m all dis cr e p a n-
ci es b et w e e n m o d el e d a n d m e as ur e d d at a at m e di u m t o hi g h
c o n c e ntr ati o ns i n p arts of t h e risi n g a n d f alli n g li m bs. We
attri b ut e t h es e diff er e n c es t o t e c h ni c al pr o bl e ms of t h e fl u o-
r o m et er, a n d t h us n e gl e ct e d t h e r es p e cti v e p arts i n t h e fitti n g
of t h e B T Cs.

All pl ots of Fi g. 4 c o nt ai n s u b pl ots s h o wi n g t h e s a m e
B T Cs i n a s e mil o g arit h mi c s c al e t o hi g hli g ht t h e t ails of
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Table 2.Maximum-likelihood parameter values describing sorption properties obtained by the column experiments. Bottom rows: compari-
son between values of distribution coefficientsKcolumn

di
andKbatch

di
between all sorption sites and water in the column and batch experiments.

Steinlach Goldersbach

pH 7 pH 9 pH 7 pH 9

K
eq
Raz [−] 0.50± 0.003 0.10± 0.002 0.06± 0.01 0.063± 0.001

K
eq
Rru [−] 0.002± 0.001 0.001± 0.001 0.38± 0.01 0.12± 0.01

Kkin
Raz [−] 0.58± 0.01 0.27± 0.003 0.58± 0.003 0.11± 0.001

Kkin
Rru [−] 2.79± 0.04 0.53± 0.03 2.65± 0.03 1.98± 0.19

kRaz [s−1] × 10−4 8.39± 0.16 8.97± 0.28 14.11± 0.13 12.78± 0.21
kRru [s−1] × 10−4 0.56± 0.01 11.06± 0.75 0.98± 0.01 2.29± 0.17
λ1 [s−1] × 10−5 3.50± 0.61 1.43± 0.18 0.04± 0.01 4.10± 0.08
λ12 [s−1] × 10−5 62.2± 0.1 7.24± 0.17 45.53± 0.04 4.73± 0.01
λ2 [s−1]× 10−5 0.20± 0.09 0.3± 6.3 0.02± 0.05 0.02± 0.85

Kcolumn
dRaz [L kg−1

] 0.23 0.05 0.10 0.04
Kcolumn
dRru [L kg−1

] 0.58 0.08 0.47 0.37

Kbatch
dRaz [L kg−1

] 1.90 0.63 2.97 1.00
Kbatch
dRru [L kg−1

] 1.21 0.66 2.27 0.97
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Figure 4.Measured and modeled tracer BTCs (column outlets) for
Fluo, Raz and Rru at pH 7 and pH 9 and for both sediments. All
tracer concentrations are normalized to the concentrationsCin at the
column inlets. Modeled BTCs of Fluo, Raz, and Rru are indicated
by dashed, dash-dot, and dotted lines, respectively.

Table 2 lists the most likely values of all parameters intro-
duced in Eqs. (6)–(8) and their associated uncertainties. The
uncertainty of each parameter is quantified by the standard
deviation of the posterior parameter distribution. All abso-
lute uncertainties are generally very small. The relative errors
are smaller than 10% for the parameters Ri , Ki , ki and λ12,
whereas the decay coefficients λ1 and λ2 have relative errors
exceeding 100% in some cases. However, the estimated pa-
rameter values for these decay coefficients are extremely low
(0.02–4.1× 10−5 s−1) and the model is not sensitive to small
changes in these parameter values. An additional systematic
uncertainty of the parameters in Table 2 may have resulted
from the preparation of the sediments used for the experi-
ments. Due to discarding the finest sediment fraction with po-
tentially large reactive surface area, the sorption parameters
of the reactive tracers might be underestimated in the column
experiments. However, this probably does not influence the
relative difference of kinetic and equilibrium sorption found
in the column experiments.
As listed in Table 2, the values for K

eq
i at pH 9 are very

close to 0 in both sediments (which is equivalent to retarda-
tion factors close to 1, see Sect. 2.4), suggesting that equilib-
rium sorption is negligible under alkaline conditions. Again,
these findings agree well with the pKa values of Raz and
Rru, being 6.7 (Erban and Hubert, 2010) and 5.7 (Kangas-
niemi, 2004), respectively, implying that these compounds
occur almost entirely in their anionic form at pH 9 (see
Sect. 3.1). At this pH, the mineral surfaces of the sediments
used here are most likely predominantly negatively charged,
too (Hingston et al., 1972). Consequently, the electrostatic
repulsion of mineral surfaces and dissolved tracers hinder
sorption. At pH 7, by contrast, equilibrium sorption may be
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important, even though not consistently among the tracers
and sediments: Raz exhibits equilibrium sorption at Steinlach
sediments, RRaz = 1.5, and Rru at Goldersbach sediments,
RRru = 1.4.
Kinetic sorption is more important than equilibrium sorp-

tion for both compounds in both sediments at both pH val-
ues, as can be seen from the distribution coefficients Kkin

i

between kinetic sorption sites and water listed in Table 2.
Under the given pH conditions, the observed kinetic sorption
is most likely due to diffusive transport of the reactive tracers
Raz and Rru into or out of intraparticle pores of the sediment
grains. Similar to equilibrium sorption, Kkin

i values for al-
kaline conditions at pH 9 are consistently lower than values
at pH 7, indicating that the speciation of the reactive tracers
also affects the processes governing kinetic sorption. Inde-
pendent of sediment type and pH, the values ofKkin

i are gen-
erally higher for Rru (0.53–2.79) than those for Raz (0.11–
0.58). This implies that the sorption of Raz and Rru has to
be parameterized independently (i.e., no common sorption
parameters) in analyzing field tracer tests. The comparison
of the two sediments types reveals no obvious difference in
Kkin

i values between the Steinlach and the Goldersbach sed-
iments despite their small disparities in intraparticle porosity
and surface area (see Table 1).
In order to compare the findings from the column exper-

iments to the values of Kbatch
d , we computed the equivalent

distribution coefficient in the column experiments Kcolumn
d

by

Kcolumn
di

=

(
K

eq
i + Kkin

i

)
θ

ρb
, (16)

in which θ [–] is the effective porosity in the column derived
from the fluorescein data (see Sect. 2.2) and ρb [ML−3] is the
bulk dry density of the sediment (see Table 1). The respective
results are listed at the bottom of Table 2.
The Kbatch

di
values significantly exceed the Kcolumn

di
values

in all cases (Table 2), so that the sorption of the tracers ap-
pears to be generally stronger in the batch reactors than in
the columns. However, the findings from the batch experi-
ments systematically overestimate the sorption capacity of
Raz and Rru (see Sect. 3.1), and it is likely that the column
experiment setup better represents field conditions in stream
sediments, thus providing more realistic information about
sorption characteristics of the compounds.
In other studies, retardation factors between 2 and 2.5

have been found (Haggerty et al., 2009; Stanaway et al.,
2012). However, these studies did not consider kinetic sorp-
tion. If we add the sorption strength of kinetic and equilib-
rium sites Rtot

i = K
eq
i + Kkin

i + 1, which is valid for transport
timescales much larger than k−1

i , we obtain similar numbers.
The values for the rate coefficient ki of kinetic sorp-

tion vary between 0.56× 10−4 s−1 and as much as
12.8× 10−4 s−1, and no evident correlations of ki with the
sediment type or pH are identifiable. The inverse of ki is a

characteristic time of sorption. In our experiments, the val-
ues for k−1

i lie between 12 and 298min. In comparison, the
mean residence times of the tracers in the columns were
about 11min. This implies that the quickest kinetic sorption
process (Raz in Goldersbach sediments, k−1

Raz ≈ 12min) al-
most reaches equilibrium during the passage through the col-
umn, whereas the sorption kinetics in the other cases (Raz in
Steinlach and Rru in both sediments) could not be neglected.
Moreover, for Raz the typical timescales of kinetic sorption
are smaller (factor 1.5 to 30) than the mean lifetime of the re-
action Raz to Rru (inverse of the decay rate parameter λ12),
suggesting that kinetic sorption and desorption of Raz is rel-
evant and should not be neglected in the experiments. This
would be the case if kinetic sorption was considerably slower
compared to the reaction of Raz to Rru.
The rate coefficients for decay of Raz (λ1) and Rru (λ2) to

non-detected compounds are generally very small in all ex-
periments (between 0.02× 10−5 s−1 and 4.1× 10−5 s−1) so
that even in the case of the highest rate, only about 3% of
the tracers had been converted to non-detected products af-
ter contact times with the sediments of about 11min (mean
travel time of the tracers through the columns). Argerich et
al. (2011) reported a positive relation between organic matter
content of the sediment and decay coefficients. In contrast,
we could not find any clear relationship between the decay
rate coefficients and the type of sediment used or the pH ap-
plied in our experiments.
Apparently, the reaction rate of Raz to Rru (λ12) strongly

depends on pH, which can clearly be seen by the different
plateau concentrations of Rru in Fig. 4. At pH 7, λ12 ranges
from 45.5× 10−5 s−1 to 62.2× 10−5 s−1, which is about 1
order of magnitude higher compared to values of the same
parameter at pH 9 (4.73× 10−5 s−1–7.24× 10−5 s−1). Thus,
at neutral conditions the reaction of Raz to Rru dominates
the transformations of the Raz–Rru system, whereas at high
pH, the reaction rates of Raz to Rru are comparable to those
of the decay of the tracers to non-detectable compounds for
the Goldersbach sediment (λ1 = 4.1× 10−5 s−1). While it is
known that aerobic respiration depends on pH conditions
with a decrease of respiration in the acidic pH range (Baker
et al., 1982; Wang et al., 2006; McKinley and Vestal, 1982),
the nearly uniform reduction of dissolved oxygen (between
7 and 11% relative change) measured during the column ex-
periments did not give evidence for an influence of changes
from pH 7 to pH 9 on the respiration rates. However, besides
respiration, the dissolved oxygen at the outlet of the column
may also be influenced by entrapped air within the column
if the oxygen of this air component has not been completely
removed by the circulating water. An alternative interpreta-
tion would be that the proportionality factor relating Raz-to-
Rru transformation rates to respiration rates depends on pH,
which is possible because the standard biochemical pathway
of Raz by reduction of NADH/H+ or NADPH/H+ involves
an acid-base reaction.
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4 Conclusions and recommendations

4.1 Implications for stream tracer tests

We have found that Raz and Rru sorb onto sediments, which
should be accounted for when interpreting tracer-test data. If
not considered, the effects of sorption might misleadingly be
captured by parameters that address other processes in stan-
dard modeling approaches, resulting in an erroneous charac-
terization of hyporheic exchange and microbial activity in the
hyporheic zone. The column experiments showed that under
alkaline conditions (pH 9) equilibrium sorption plays a mi-
nor role while kinetic sorption might still be important. In
general, kinetic sorption seems to dominate sorption in lo-
cal equilibrium in all our test cases on the timescale of these
experiments (≈ 11min).
We have shown that, in spite of their similar molecular

structure, Raz and Rru show different sorption behavior in
most of our test cases, so that assuming identical sorption
characteristics (as it has been done in previous studies) might
be an oversimplification.
We have further shown that linear sorption of Raz and Rru

is feasible for concentrations that typically occur during field
tracer tests. However, we could not identify clear relations
between the organic carbon content of the sediments with
the sorption and decay characteristics of Raz and Rru.
We have furthermore demonstrated that the reaction rate

coefficient of Raz to Rru, λ12, differs between the two pH
conditions used in this study. Respiration is likely to be dif-
ferent for different pH as well, so that the change in the reac-
tion rate may result from a change in respiration rate, but it is
beyond the scope of this study to determine the mechanisms
behind the relation between pH and λ12. Although the decay
mechanisms of Raz and Rru to undetected products still ul-
timately remain unclear, we have found strong evidence that
these reactions are not primarily driven by microbial activity.
The large relative differences of the parameters listed in

Table 2 provided important insight into relevant sorption and
decay processes for the sediments and timescales tested here.
However, the results provided by laboratory experiments are
often difficult to transfer to field sites due to the artificial
geometry and conditions as well as necessary pre-treatment
of the sediments. Therefore, a more detailed interpretation
of the derived parameters (including relationships with sed-
iment or physicochemical conditions) is probably not pos-
sible based on the laboratory experiments. Further work is
needed to better resolve the sorption properties of Raz and
Rru, which most probably has to be based on field tracer
tests. This may also require refinements to the modeling ap-
proach, for example, by including intra-particle diffusion in
the model instead of lumping the kinetic sorption process as
two-site sorption.
For stream tracer tests we suggest (1) acknowledging that

Raz and Rru have different sorption properties, (2) account-
ing for both kinetic and equilibrium sorption (especially

when the river sediments are known to have a distinct in-
ner porosity) and (3) checking the validity of linear sorp-
tion for studies where tracer concentrations exceed the con-
centrations that were used in this study. In previous studies
(Lemke et al., 2013b, Liao et al., 2013) we have determined
the sorption and reaction parameters together with parame-
ters describing in-stream transport and hyporheic exchange
by fitting stream tracer data to complex models. This ap-
proach leads to apparent parameters, presumably valid for the
entire reach under investigation. However, we highly advise
performing independent column studies like those presented
here (and summarized again in the next section) in order to
test the plausibility of the reactive parameters.

4.2 Recommendations for site-specific column
experiments

The presented results show that the setup of the laboratory
experiments used in this study is well suited to assess the rel-
evant sorption and decay properties of Raz and Rru in coarse
hyporheic sediments. Evidence on the linearity of sorption
isotherms is provided by the batch experiments, whereas the
column experiments allow for the identification of the rel-
ative importance of kinetic or equilibrium sorption as well
as the relative importance of the decay of Raz to Rru as
compared to the decay to unknown (non-fluorescent) com-
pounds. The absolute parameter values derived from the lab-
oratory experiments are most probably biased but may serve
as rough orientation or order-of-magnitude estimates of the
effective parameters. Detailed interpretations including inter-
relations with environmental variables such as pH, organic
carbon content, or sediment texture should be based on the
analysis of the field tracer tests. The results of the labora-
tory experiments, however, are essential for selecting the ade-
quate processes (e.g., by adding kinetic sorption) that should
be included in the modeling approach for the field tracer test.
In order to gain understanding of the site-specific aspects

of sorption properties of Raz and Rru, we suggest adapting
the experiments to other sites where readers have performed
or are planning field tracer tests of their own. The proposed
column experiments are intended to be performed in con-
junction (or in advance) with stream tracer tests using Raz
as reactive tracer in the field. The most important issues of
the experimental setup are as follows:

1. Representative sediments for the column experiments
should be taken from the studied stream reach with min-
imal time between the collection of the sediment and the
start of the experiments.

2. The sediments should be sieved in the field to grain
sizes that minimize negative effects of turbidity (in our
case between 0.08 and 4mm) and therefore ensure high-
quality fluorescence measurements and consecutively
high-quality modeling.
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3. The flow velocity of water through the column should
be adjusted in such a way that the mean residence time
of water (and tracer) in the columnmatches the expected
or known mean hyporheic travel time of the stream
reach under investigation.

4. Besides the reactive tracer Raz, the experiments require
the simultaneous application of a conservative tracer to
determine the travel-time distribution at the outlet of the
column (fluorescein will be the obvious choice but other
suitable tracers such as NaCl should also be feasible).

5. In order to obtain the best possible informative reactive
transport parameters, we suggest using a travel-time-
based modeling approach avoiding limitations of com-
mon advection–dispersion approaches for column ex-
periments (Cortis et al., 2004) and therefore minimizing
bias in the reactive transport parameters.

6. We include all relevant processes identified in the mod-
eling of the laboratory experiments for the analysis of
measured BTCs in the course of field tracer tests.

The so-derived data sets on sorption and decay parameters
of Raz and Rru can be used to obtain relationships with pos-
sible environmental controls of their reactive transport, such
as pH, organic carbon content, or sediment texture.

The Supplement related to this article is available online
at doi:10.5194/hess-18-3151-2014-supplement.
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